Introduction
============

Although the pathogenesis of the development of idiopathic macular holes is attributed to vitreous traction on the fovea associated with a shallow posterior vitreous detachment (PVD) based on observation of the vitreoretinal relationship with optical coherence tomography (OCT),[@b1-opth-5-101]--[@b9-opth-5-101] the entire scenario of macular hole development remains uncertain.[@b7-opth-5-101],[@b10-opth-5-101] Before OCT was introduced, many reports had postulated that idiopathic macular holes resulted from vitreous traction on the foveal retina without evidence of a PVD, based on observation of the vitreoretinal relationship by slit-lamp biomicroscopy.[@b10-opth-5-101]--[@b15-opth-5-101] Two major mechanisms, anteroposterior vitreous traction (A-P traction) and tangential vitreous traction (tangential traction) on the foveal retina, cause idiopathic macular holes. In 1983, Avila et al,[@b11-opth-5-101] who reported the vitreoretinal findings of idiopathic macular holes based on biomicroscopic findings using the El Bayadi-Kajiura lens, speculated that A-P traction was the main mechanism of development of idiopathic macular holes because of a slight upshift of the operculum above the surface of the foveal retina without a PVD. This is the classical A-P traction theory of the development of idiopathic macular holes. In contrast, in 1988, Gass[@b13-opth-5-101] postulated the pathogenesis of idiopathic macular holes based on observation of the vitreoretinal relationship by slit-lamp biomicroscopy using a Goldmann three-mirror lens and showed the developmental stages of idiopathic macular holes. The diagram of the developmental stages of idiopathic macular holes showed the operculum to be at the same level of the foveal retina at stage 3 macular holes, suggesting that tangential traction caused the macular hole. This is the classic tangential traction theory of the development of an idiopathic macular hole. However, Gass later noticed shifting of the operculum above the surface of the foveal retina in stage 3 macular holes, and in 1995, he revised his diagram of the developmental stages of idiopathic macular holes.[@b12-opth-5-101] Kakehashi et al[@b10-opth-5-101] reported movement of the operculum in stage 3 macular hole cases with no PVD, and suggested that idiopathic macular holes are more likely to develop as a result of A-P traction. Both theories accept that there is no PVD in stage 3 macular holes, and therefore, PVD does not contribute to the initial pathogenesis of macular holes. However, a different theory has arisen with the advent of OCT. OCT images of macular holes have shown that shallow PVDs and pinpoint vitreous traction on the fovea seem to exist.[@b1-opth-5-101]--[@b9-opth-5-101] However, it is still uncertain whether A-P traction or tangential traction is the main mechanism of development of macular holes. In the current study, we postulated the mechanism of macular hole formation based on observation of the vitreomacular relationship in the fellow eyes of those with a macular hole and in normal eyes using spectral-domain OCT (SD-OCT).

Methods
=======

We observed the vitreomacular relationships in the fellow eyes of 31 patients (age range 49--81 years; mean 66.4 years; mean best-corrected visual acuity \[BCVA\], 20/80 in macular hole eyes and 20/20 in fellow eyes) with an idiopathic full-thickness macular hole and 34 normal volunteer eyes without biomicroscopically relevant PVD (age range 41--73 years, mean 59.2 years; mean BCVA, 20/20). The examination focused on the vitreomacular relationship observed on SD-OCT (Cirrus^TM^ HD OCT, Carl Zeiss Meditec, Dublin, CA). A dynamic biomicroscopic vitreoretinal examination was performed using slit-lamp biomicroscopy (SL130, Carl Zeiss Meditec) and a preset lens (SuperField NC Lens, Volk, Mentor, OH).[@b16-opth-5-101]

Only the complete PVD type was diagnosed by slitlamp biomicroscopy. Scanning with the Cirrus HD-OCT was performed using a five-line raster scan program (length, 6 mm or 9 mm). The following six classifications of shallow PVDS were identified by SD-OCT: type 1, no PVD; type 2, shallow PVD with perifoveal vitreous attachment; type 3, shallow PVD with pinpoint foveal vitreous traction; type 4a, shallow PVD with a round defect in the posterior vitreous cortex over the perifoveal area with vitreous attachment to the perifoveal area; type 4b, shallow PVD with a round defect in the posterior vitreous cortex over the perifoveal area without vitreous attachment to the perifoveal area; type 5a, shallow PVD with no pseudo-operculum; type 5b, shallow PVD with a pseudo-operculum; and type 6, biomicroscopically relevant complete PVD ([Figure 1](#f1-opth-5-101){ref-type="fig"}).

Results
=======

We classified the vitreomacular relationships in fellow eyes of those with a macular hole and in normal eyes (see [Table 1](#t1-opth-5-101){ref-type="table"}). Types 3 and 5b were observed only in the fellow eyes of those with a macular hole and not in normal eyes. Type 2 was observed most frequently in normal eyes. In type 5b, a pseudo-operculum was found on the detached posterior vitreous cortex by SD-OCT but was not detected by biomicroscopy. The prevalence of each type in both groups differed significantly (*P* \< 0.01 by χ^2^ test) when eyes with type 6 were excluded.

Discussion
==========

The prevalence rates of bilateral macular holes have been reported to range from 0% to 29%.[@b17-opth-5-101] Therefore, the fellow eyes of macular hole cases may show early changes in the natural course of developing macular hole. Before the introduction of OCT, biomicroscopy was the best way to evaluate vitreoretinal relationships in eyes with a macular hole. At that time, the pathogenesis of macular holes was unknown. Macular holes rarely develop in eyes with a complete PVD. Even stage 1 and 2 macular holes can return to normal after a complete PVD,[@b17-opth-5-101],[@b18-opth-5-101] indicating that vitreous traction must be the most important factor in the development of macular holes. However, there is no evidence of biomicroscopic PVD during development of macular holes until stage 3. Biomicroscopically evident PVD can be seen in stage 4 macular holes. Therefore, the classic A-P traction theory of Avila et al[@b11-opth-5-101] and the classic tangential traction theory of Gass[@b13-opth-5-101] were postulated as mentioned previously. Kakehashi et al,[@b10-opth-5-101] using biomicroscopy, reported movement of the operculum above the level of the retinal surface in stage 3 macular holes but did not detect a shallow PVD by biomicroscopy ([Figure 2](#f2-opth-5-101){ref-type="fig"}). Gass[@b12-opth-5-101] also reported shifting up of the operculum in stage 3 macular holes, and he revised his initial diagram of the developmental stages of macular hole accordingly. After OCT was introduced, both the classic A-P traction theory and the classic tangential traction theory were found to be incorrect. There is no doubt that shallow PVDs with vitreous traction to the fovea observed by OCT but not by slit-lamp biomicroscopy cause macular holes. However, it is still uncertain how shallow PVDs develop and how they cause macular holes. Some reports have suggested that tangential traction is the pathogenesis of macular holes. Kishi and Takahashi,[@b19-opth-5-101] using time-domain OCT, speculated that tangential contraction of the premacular vitreous cortex generates anterior traction that results in a "trampoline-like" shallow PVD in the macular area associated with a posterior vitreous pocket. If so, the posterior vitreous cortex should be taut and show no movement of the operculum in stage 3 macular holes. In fact, quite a few cases of stage 3 macular holes have shown movement of the operculum in association with ocular movement.[@b10-opth-5-101] This finding of a detached operculum on the shallowly detached loose posterior vitreous cortex was observed by SD-OCT more clearly than by time-domain OCT ([Figure 2](#f2-opth-5-101){ref-type="fig"}).[@b20-opth-5-101] Even in stage 2 macular holes, a detached posterior vitreous cortex shows some movement ([Figure 3](#f3-opth-5-101){ref-type="fig"}).[@b20-opth-5-101] Other studies have reported OCT findings of a dome-shaped or trampoline configuration of a shallow PVD with vitreous adhesion to the fovea. These changes cause oblique vector force on the fovea and subsequent A-P traction on the fovea.[@b2-opth-5-101],[@b21-opth-5-101],[@b22-opth-5-101] From these findings, the new theory of A-P traction seems to be the correct mechanism of developing macular holes.

In the current study, in which we compared the findings of vitreofoveal relationships in fellow eyes of those with a macular hole and in normal eyes, types 3 and 5b were seen only in the fellow eyes of those with a macular hole and not in normal eyes. Firm vitreofoveal adhesion combined with vitreopapillary adhesion[@b23-opth-5-101] and an anteriorly oriented shallow PVD cause pinpoint traction on the fovea,[@b1-opth-5-101]--[@b9-opth-5-101] which seems to be the basic pathogenesis of macular holes ([Figure 4](#f4-opth-5-101){ref-type="fig"}). Niwa et al performed a follow-up study of fellow eyes of those with a macular hole using time-domain OCT and reported that vitreous traction to the fovea caused the development of full-thickness macular holes in the fellow eyes of those with a macular hole.[@b6-opth-5-101] In contrast, in normal eyes, type 2 was the most frequent type, in which no pinpoint vitreous traction was exerted on the fovea. There are two possible primary scenarios in the development of a normal age-related PVD. In the early stage of development of age-related PVD, a type 5 shallow PVD may be the stage before the development of biomicroscopically evident PVD. Johnson[@b24-opth-5-101] postulated this, and we also found type 5 shallow PVDs in the normal control eyes. Another scenario is that a type 4 shallow PVD is the stage before development of biomicroscopically evident PVD. The wide vitreous attachment around the fovea in type 2 seems to be less stressful for the fovea, which is the thinnest part of the retina. Intrusion of liquefied vitreous into the subhyaloid space seems to induce shallow PVDs both in macular hole cases and normal eyes. The liquefied vitreous probably moves through a crevice in the glial ring on the optic disc into the subhyaloid space over the macular area. The liquefied vitreous trapped in the subhyaloid space pushes the detached posterior vitreous cortex anteriorly both in fellow eyes of those with a macular hole and in normal eyes. However, it is difficult to explain the differences between the pinpoint vitreous attachment in fellow eyes of those with a macular hole and the wide vitreous attachment around the fovea in normal eyes. In normal eyes, round defects in the premacular cortical vitreous are seen frequently by biomicroscopy,[@b25-opth-5-101] scanning laser ophthalmoscopy,[@b26-opth-5-101] and in vitro slit-lamp microscopy.[@b27-opth-5-101] In contrast, these round defects in the premacular cortical vitreous and a coexisting remnant of cortical vitreous on the macula are not as common in fellow eyes of those with a macular hole as in normal eyes. Types 4a and 4b are rarely seen in fellow eyes of those with a macular hole or normal eyes. These types seem to follow type 2. The reason why these types are rare may be explained by the fact that more liquefied vitreous may enter the subhyaloid space through the round defect in the posterior vitreous cortex, and in that case a biomicroscopic PVD occurs immediately under those conditions ([Figure 5](#f5-opth-5-101){ref-type="fig"}). A biomicroscopic PVD with a round defect in the posterior vitreous cortex over the perifoveal area is seen frequently in both clinical cases and autopsy eyes.

In conclusion, types 3 and 5b were observed only in the fellow eyes of those with a macular hole and not in normal eyes. Type 2 was observed most frequently in normal eyes. The pinpoint vitreous traction to the fovea, the thinnest part of the retina, in type 3 seems to be the basic pathogenesis of macular holes. Progression of type 5b after type 3 causes developing macular holes to be aborted. In contrast, a shallow PVD with wide vitreous attachment around the fovea found in type 2 seems to be less stressful to the fovea.
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###### 

Classification of a shallow posterior vitreous detachment (PVD). Type 1, no PVD. Type 2, shallow PVD with a perifoveal vitreous attachment. Type 3, shallow PVD with pinpoint foveal vitreous traction. Type 4a, shallow PVD with a round defect in the posterior vitreous cortex over the perifoveal area with vitreous attachment to the perifoveal area. Type 4b, shallow PVD with a round defect in the posterior vitreous cortex over the perifoveal area without vitreous attachment to the perifoveal area. Type 5a, shallow PVD with no pseudo-operculum. Type 5b, shallow PVD with a pseudo-operculum.

![](opth-5-101f1a)

![](opth-5-101f1b)

![Movement of a detached operculum on the shallowly detached loose posterior vitreous cortex. Both optical coherence tomography images were obtained from the same patient. The left image was obtained just after ocular movement in the right image.\
Modified from Kakehashi.[@b20-opth-5-101]](opth-5-101f2){#f2-opth-5-101}

![The vitreoretinal relationship in a stage 2 macular hole. The detached loose posterior vitreous cortex shows some movement and traction to the operculum. Both optical coherence tomography images were obtained from the same patient. The left image is that of the central section of the macular hole, and the right image is the off-center section of the macular hole.\
Modified from Kakehashi.[@b20-opth-5-101]](opth-5-101f3){#f3-opth-5-101}

![Mechanism of a developing macular hole. The upper images show that the liquefied vitreous enters the subhyaloid space over the macular area through a crevice in the glial ring on the optic disc. The liquefied vitreous trapped in the subhyaloid space pushes the detached posterior vitreous cortex anteriorly with adhesion to the fovea (upper images) and subsequently causes development of a macular hole (lower images).\
Modified from Kakehashi.[@b20-opth-5-101]](opth-5-101f4){#f4-opth-5-101}

![Mechanism of developing ordinary posterior vitreous detachment (PVD). Wide vitreous attachment around the fovea is less stressful to the fovea. After development of a round break in the posterior hyaloid, a large amount of liquefied vitreous enters the subhyaloidal space hastening a biomicroscopic PVD.\
Modified from Kakehashi.[@b20-opth-5-101]](opth-5-101f5){#f5-opth-5-101}

###### 

Prevalence of each type of shallow posterior vitreous detachment in fellow eyes of those with a macular hole and normal eyes

  ----------------------------------------------------------------------
  Type   Fellow eyes of macular hole (n = 31)\   Normal eyes (n = 34)\
         n (%)                                   n (%)
  ------ --------------------------------------- -----------------------
  1      5 (16.1)                                9 (26.5)

  2      7 (22.6)                                19 (55.9)

  3      7 (22.6)                                0 (0)

  4a     2 (6.5)                                 1 (2.9)

  4b     0 (0)                                   1 (2.9)

  5a     0 (0)                                   4 (11.8)

  5b     4 (12.9)                                0 (0)

  6      6 (19.4)                                NA
  ----------------------------------------------------------------------

**Abbreviation:** NA, not applicable.
